We demonstrate the fabrication of a low loss broadband vertical coupler for use in the 3D integration of Si 3 N 4 based planar waveguides. Coupling loss of 0.2 dB was achieved and interaction between layers investigated.
Introduction
Planar lightwave circuits (PLCs) are of great interest for optical communication systems due to their excellent stability, low cost, and high functionality [1] . We have recently demonstrated record losses (< 0.1 dB/m) on a planar waveguide platform based on a high aspect ratio Si 3 N 4 waveguide core [2, 3] . With the current waveguide loss, longer waveguide lengths are available for the fabrication of more complex PLCs; though, as the complexity increases so does the footprint. One method of increasing PLC complexity while still maintaining a small footprint is through the 3D integration of waveguides. In order to vertically stack multiple waveguide layers, two important properties must be considered. First, each layer must be optically connected through a low-loss, and preferably broadband, optical interconnect. Second, each layer must be optically isolated as to avoid crosstalk. In this work, we report on the fabrication and design of optical interconnects for the 3D integration of photonic circuits on a low loss planar waveguide platform.
Design
One approach to optically connect vertically stacked layers is through a simple directional coupler. The main issue with this technique is that the coupling efficiency is critically dependent on waveguide parameters [4] . We have previously reported on a multilayer platform based on directional couplers, but due to a beta-mismatch between layers caused by the stress-optic effect, a less than desired amount of power was coupled between layers [5]. In order to increase the fabrication tolerance of such device in the current work, we fabricated a laterally tapered adiabatic directional coupler as seen in Fig. 1 . By introducing the tapered sidewalls, one assures a beta-matching condition along the coupling region even if both layers are velocity mismatched, provided the coupling region is long enough. Fig. 1b displays the simulated result of the required length for the suggested device in order to achieve high coupling efficiency. Once a beta matching condition is met along the taper, optical power transfer occurs at that location. Since the beta-matching condition occurs solely at that location, no power oscillation occurs between waveguide layers; this provides for a more tolerant design, unlike a regular directional coupler. Fig. 1c shows the simulated coupler tolerance by displaying the power coupling at different locations for different beta-mismatched conditions due to different index of refraction in each core (Δn). 
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Fabrication
Once more, Fig. 1a illustrates the schematic of the vertical coupler proposed in this work. The coupler is formed by two overlapping laterally tapered waveguides separated vertically by 3 µm of SiO 2 . The waveguides presented herein are based on the high-aspect ratio, ultra-low loss geometry as seen in [2, 3] . The coupling region was chosen to be 2000 µm long, which satisfies the adiabatic condition for the linear taper. The waveguides are 3 µm wide and 90 nm thick and are linearly tapered down to a 0.5 µm width along the coupling region. The devices were fabricated using 248 nm stepper lithography on a 4" Silicon wafer. The lower cladding is made up of 15 µm of thermal SiO 2 (n = 1.45 at 1550 nm), where the thickness was chosen to make substrate leakage negligible. The first waveguide core is then formed via LPCVD deposition of stoichiometric Si 3 N 4 (n = 1.98 at 1550 nm) and covered with 1.89 µm of high-density PECVD (HD-PECVD), which serves as the coupling gap between waveguide layers. The next core is then deposited identically to the first core and covered with an additional 2.93 µm of HD-PECVD SiO 2 as the upper cladding for the final device. Fig. 2a and 2b show the SEM and microscope images of the final fabricated vertical coupler, respectively. 
Results
To measure the loss per taper transition, a cutback structure as shown in Fig. 4a was fabricated. The test structure consisted of waveguides with 0 (straight waveguides), 2, 4, and 6 transitions between layers. By plotting the insertion loss as a function of the number of taper transitions, the taper loss can be extracted from the slope of a linear fit through each measured point at a specific wavelength. Light was coupled in and out of the device using a pair of lensed fiber with a 5 µm spot size, and the input polarization was controlled to transverse electric (TE) via a 3-paddle polarization controller. A tunable laser source was used as the input signal, where the wavelength was swept from 1520 to 1600 nm, and a broadband InGaAs detector used for power measurement. Fig. 4b and c show the measurement results of transmission as a function of wavelength together with a linear fit for taper loss at a wavelength of 1550 nm. Fig. 4b demonstrates that the taper structure has a very broadband response along the measured wavelength of 1520 to 1600 nm, for a bandwidth of 80 nm. The cutback measurement resulted in a taper loss 0.2 dB at a wavelength of 1550 nm, as seen in Fig. 4c . Fig. 4 a) Cutback test structure for taper loss measurement. b) Measured broadband (80nm) transmission for different numbers of layer transition. c) The cutback measurement displaying the linear fit through measured points at 1550nm.
One of the criteria for a practical 3D device is that each layer be optically isolated from one another. In order to fully characterize the taper design the layer crosstalk must be investigated. The interaction loss for each layer was measured in a similar manner to the taper loss. A cutback test structure was fabricated as shown in Fig. 5a . The structure consisted of straight waveguides with intersections on the second layer (2 and 4 µm of SiO 2 separation) at an angle of 30°. The angle of 30° was chosen as to replicate a likely angle to occur during the 3D integration of a planar lightwave circuit. Waveguides with 0 (straight waveguides), 5, 10, and 15 crossings were measured, and the crossing loss was extracted once again via a linear fit through all four points measured at 1550 nm. The broadband measurement from 1520 to 1600 nm can be seen in Fig. 5b and Fig. 5c shows the extracted loss from the cutback linear fit through each measured waveguide at 1550 nm. The crossing losses were measured at 2 and 3 µm of SiO 2 separation and compared to calculations as shown in Fig. 5c . The losses for the 2 and 3 µm cases were 0.66 dB and 0.40 dB, respectively. As can be observed from Fig. 5c , the measured loss for each crossing deviates slightly from the simulated result, which is mainly attributed to the fact that the coupling layer has not been planarized prior to the deposition of the second core creating undulations between waveguide cores. 
Conclusion
We have demonstrated the 3D integration of low-loss waveguides for the fabrication of compact planar lightwave circuits. The lateral tapered vertical coupler provided efficient coupling between layers with losses of 0.2 dB (>95% coupling efficiency) and 80 nm of measured bandwidth from 1520 to 1600 nm. The amount of interaction loss was also measured to be 0.66 dB and 0.40 dB for 2 and 3 µm of separation, respectively. The amount of loss per cross can be further minimized by planarizing the layer between cores to make sure no undulations exist on the waveguide cores, which was not addressed in this study. Moreover, if a smaller amount of interaction is also desired between waveguide layers, a larger SiO 2 gap will be necessary between layers. With the taper design demonstrated in this work, the waveguide cores were separated by 2 µm of glass vertically; therefore, a total of 4 µm of separation between layers could be achieved with the same taper design by the use of an intermediate coupling layer and two transitions between waveguide cores.
